Rapid production of large $^{7}$Li Bose-Einstein condensates using $D_1$
  gray molasses by Kim, Kyungtae et al.
ar
X
iv
:1
90
5.
03
55
5v
1 
 [c
on
d-
ma
t.q
ua
nt-
ga
s] 
 9 
M
ay
 20
19
Rapid production of large 7Li Bose-Einstein condensates using D1 gray molasses
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We demonstrate the production of large 7Li Bose-Einstein condensates in an optical dipole trap
usingD1 gray molasses. The sub-Doppler cooling technique reduces the temperature of 4×10
9 atoms
to 25 µK in 3 ms. After microwave evaporation cooling in a magnetic quadrupole trap, we transfer
the atoms to a crossed optical dipole trap, where we employ a magnetic Feshbach resonance on the
|F = 1, mF = 1〉 state. Fast evaporation cooling is achieved by tilting the optical potential using a
magnetic field gradient on the top of the Feshbach field. Our setup produces pure condensates with
2.7×106 atoms in the optical potential for every 11 s. The trap tilt evaporation allows rapid thermal
quench, and spontaneous vortices are observed in the condensates as a result of the Kibble-Zurek
mechanism.
I. INTRODUCTION
Ultracold atoms have emerged as analog quantum sim-
ulators which can provide ideal platforms for studying
quantum many-body problems [1, 2]. The Bose-Einstein
condensation (BEC) of the 7Li atom is of particular in-
terest because it is the lightest bosonic atom with a broad
magnetic Feshbach resonance [3]. Using the atoms, there-
fore, one can study correlated phases in the strongly in-
teracting regime [4] and develop a new form of quantum
sensor composed of bright solitons that lack wave-packet
dispersion [5]. Moreover, the experimental compatibil-
ity with its fermionic (6Li) isotope offers new chances to
study the Bose-Fermi superfluid mixture [6], and exotic
ground states can be investigated in optical lattices [7–9].
However, producing 7Li condensates is comparatively
difficult compared with other alkali atoms because of two
major limitations. First, the hyperfine structure of the
D2 excited state is not resolved so that a standard sub-
Doppler cooling technique does not work efficiently. Sec-
ond, it has poor scattering properties, and evaporation
cooling works only in a limited parameter space window.
For example, the upper hyperfine spin state |F = 2〉 has
a negative-sign s-wave scattering length [10], and the col-
lisional cross section shows a minimum at an energy of a
few mK [11]. The lower hyperfine spin state |F = 1〉 has
a very small scattering length under a residual magnetic
field, so that evaporation cooling of laser-cooled atoms
hardly works for both spin states in a conventional mag-
netic trap. As a result, the Bose-Einstein condensates are
produced in an optical potential by sympathetic cooling
with its fermionic isotope [12, 13], or using the Feshbach
resonance [11] but with a very small numbers of atom.
These difficulties can be overcome by gray molasses
on the D1 transition line, which drops the temperature
of atomic gases to a few recoil temperatures (∼10 µK).
The cooling technique has been demonstrated in various
atomic species [14–22] and, more recently, the conden-
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sation of 7Li atoms has been successfully observed by
implementing the gray molasses [23, 24]. In the experi-
ments, the gray molasses offers an outstanding condition
for evaporation cooling in a quadrupole magnetic trap,
and BECs with atom number N = 1 ∼ 4×105 have been
generated in an optical potential after further evapora-
tion cooling near a Feshbach resonance.
Here, we elaborate the previous works and report the
production of large 7Li condensates containing N =
2.7 × 106 atoms with 11 s of duty cycle. The success
of making large condensates lies in the efficient evapo-
ration cooling in an optical trap by a trap-tilt evapora-
tion scheme [25]. It reduces the potential depth by tilt-
ing the optical potential without losing the trap confine-
ment, contrasting conventional evaporation cooling by in-
tensity ramp. The trap-tilt cooling technique allows a
rapid thermal quench so that spontaneous vortices of the
Kibble-Zurek mechanism [26, 27] appear in the conden-
sates. Besides, we observe that the gray molasses cooling
can be further improved to reduce the temperature of
the atoms captured in a magneto-optical trap (MOT) to
25 µK, which corresponds to 3.5 times the recoil tem-
perature. We also present the evaporation path for each
cooling stage, where nonadiabatic spin-flip atom losses at
the magnetic quadrupole trap center are suppressed by a
repulsive optical barrier [28].
II. LASER COOLING
A. Magneto-optical trap
Our experiment starts by collecting 7Li atoms in a
magneto-optical trap from a Zeeman-slowed atomic flux.
Three pairs of mutually orthogonal MOT beams are con-
structed by using two pairs of retroreflected light in the
horizontal plane (x-y) and one pair of counter propagat-
ing beams along the vertical z direction. Each of the
MOT beams contains both cooling and repumping light
whose frequencies are ∆c,2 = −7 Γ and ∆r,2 = −4.7 Γ ,
respectively [Fig. 1(a)], where Γ = 2pi × 5.87 MHz is the
2natural linewidth of the excited state. The peak intensi-
ties of the laser beams are Ic,2 = 3.3 Is and Ir,2 = 1.9 Is
(Is = 2.54 mW/cm
2 is the saturation intensity of the
D2 transition). An anti-Helmholtz pair of 42-turn water-
cooled coils generates the magnetic quadrupole field, and
we apply a field gradient of 20 G/cm along the axial z
direction in the MOT stage. After 5 s of loading time,
we capture 6.4× 109 of 7Li atoms in the MOT at a tem-
perature of 1.6 mK. Then, the atoms are compressed by
increasing the field gradient to 46 G/cm over 25 ms. In
the last 2 ms of the compression, the frequency of the
cooling (repumping) light is changed to −1.5 Γ (−15 Γ ),
which reduces the beam intensity to 5% of the initial
value at the same time. After the ramp, most of the
atoms are cooled down to 900 µK.
B. Gray molasses
The D1 gray molasses consist of polarization gradient
cooling and velocity-selective coherent population trap-
ping [29] in a Lambda-type three-level system and has
been applied to lithium atoms [20, 21]. In the report,
6Li gases are cooled down to 40 µK, serving as an essen-
tial step in the all-optical production of large degenerate
Fermi gases [21]. Here, we employ the gray molasses to
have a high collision rate in a magnetic trap, and thus
generate large BECs after a rapid evaporation cooling.
The molasses beam is obtained from a high-power
diode laser system using tapered amplifiers. The beam
passes through a resonant electro-optical modulator
(EOM) working at 803.5 MHz (hyperfine splitting fre-
quency of the 7Li ground state), generating 2 % of the
sideband for the repump light. For the molasses cool-
ing, we set the laser frequency ∆r,1 = 3.2 Γ and two-
photon detuning δ = 0 [Fig. 1(a)]. Then, we superimpose
the molasses light onto the MOT beams path, generat-
ing three orthogonal pairs of σ+ − σ− counter propagat-
ing beams. The 1/e2 beam waist is 5 mm at the trap
center and each beam has a peak intensity of 22 Is. A
pulse of 2 ms of gray molasses delivers 5.4×109 number
of the atoms in the compressed MOT at a temperature
of 60 µK, which is similar to the previous experiments
using lithium atoms [20, 21].
Like the gray molasses experiments using other alkali
atoms [18, 19, 22], we are able to further cool 7Li gases
by dynamically tuning the molasses beam parameters.
After 1 ms of initial cooling at the maximal molasses lat-
tice depth, the laser intensity and frequency are gradually
changed to 12 Is and ∆r,1 = 6.6 Γ with δ = 0, respec-
tively. As shown in Fig. 1(b), we observe the temperature
drops, and 4 × 109 atoms reach 25 µK at the optimal
conditions. The lowest temperature in the experiment
corresponds to 3.5 Trec, where Trec = ~
2k2
L
/mkB is the
recoil temperature (~ is the Planck constant h divided
by 2pi, kL is the cooling laser wave number, m is the
atomic mass, and kB is the Boltzmann constant). We
also observe that the stray magnetic field Bext reduces
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FIG. 1. The level structure of 7Li atoms and laser cooling.
(a) We use the D2 transition line for the MOT [red (dark
gray) arrow] and the D1 transition line for the sub-Doppler
cooling [blue (light gray) arrows]. (b) Temperature of the
atoms during the molasses. The atoms in the compressed
MOT are rapidly cooled down to T ∼ 70 µK in 1 ms and
slowly settled to ∼ 60 µK after 2 ms (black circle). Changing
the laser intensity and frequency, the temperature is reduced
to 25 µK (red square). We also obtain a similar tempera-
ture by decreasing the molasses intensity to Ic1 = 2.2 Is at a
constant frequency, but only 10% of the atoms remain. The
temperature is measured by time-of-flight images at a vari-
ous expansion time after pumping the atoms into the |F = 2〉
state using the MOT-repump beam. Each data point is aver-
aged over 3–5 separate experimental runs, and the error bars
are shorter than the marker size.
the coherence of the dark state [19]. The final tempera-
ture increases quadratically as a function of the external
magnetic field, ∆T = B2
ext
×84(8) µK/G2, so that a com-
pensating residual magnetic field of less than 100 mG is
necessary to reach few recoil temperatures.
III. EVAPORATION COOLING
To generate large atom number condensates, we fol-
low two-step evaporation cooling after the gray molasses:
evaporation cooling is first taking place in a magnetic
3trap, and then the atoms are transferred to an opti-
cal dipole trap for further evaporation and Bose-Einstein
condensation [23, 24, 30]. This is attributed to the scat-
tering properties of 7Li atoms, which has a negative scat-
tering length a0 = −27.6 aB (aB is the Bohr radius) in
the upper hyperfine |F = 2〉 state so that the conden-
sate atom number is limited to a few thousands [31].
The lower hyperfine |F = 1〉 state, on the other hand,
has a too small scattering length (a0 = 6.8 aB) for effi-
cient evaporation [13], calling for a strong magnetic field
(∼700 G) to tune the scattering length [3]. Therefore,
large 7Li condensates can be produced with the |F = 1〉
state after evaporation cooling in an optical potential
near the Feshbach resonance. However, an optical dipole
trap has limited trap volume and potential depth com-
pared to a magnetic trap, so that we first cool the atoms
in the |F = 2,mF = 2〉 state in a magnetic potential and
then transfer them to a crossed optical dipole trap. After
5 s of full evaporation cooling in the magnetic and the
optical potential, we obtain a pure 7Li condensate with
2.7× 106 atoms in the |F = 1,mF = 1〉 state.
A. Magnetic quadrupole trap
After the gray molasses, evaporation cooling takes
place in a magnetic quadrupole trap. The quadrupole
trap is helpful for efficient evaporation because of its tight
confinement and offers sufficiently large optical access to
the cold atoms thanks to its simple coil geometry. In the
experiment, we generate the quadrupole field using the
same coil pairs in the MOT, and focus a blue-detuned
532 nm laser light at the trap center to suppress the
Majorana atom loss [28]. The laser beam propagates
along the x direction, and the effective potential for the
|F = 2,mF = 2〉 spin stretched state becomes
U(r) = µBB
′
q
√
x2 + y2
4
+ z2+Upe
−2
(
y
2+z2
w2
)
−mgz, (1)
where µB is the Bohr magneton, B
′
q is the field gradient
along the z axis, and g is the acceleration of gravity.
The plug beam waist is w = 25 µm, and 10 W of the
laser beam generates a repulsive potential barrier height
Up = kB × 716 µK at the zero-field center.
Before turning on the magnetic trap, we optically
pump the atoms to the stretched state since most of the
atoms after the gray molasses are in the |F = 1〉 state.
The atoms are pumped via the |F = 2〉 → |F ′ = 2〉 D1
transition using a laser light that contains two differ-
ent frequencies, ∆c,1 = 2.5 Γ and ∆r,1 = 5.8 Γ . The
pump beam travels in the horizontal plane in a retro-
reflected configuration with circular polarization so that
the |F = 2,mF = 2〉 state becomes a dark state to the
pumping light. We shine the laser light for 150 µs un-
der a 3 G of bias field, pumping almost all of the atoms
into the stretched state. In order to load the atoms with
high density, the field gradient is switched on to gener-
10
12
2
4
6
8
10
13
2
P
e
a
k
 d
e
n
s
it
y
 (
c
m
-3
)
3210
Evaporation Time (s)
500
400
300
200
100
C
o
llis
io
n
 ra
te
 (s
-1)
20
30
40
50
60
70
100
200
300
T
e
m
p
e
ra
tu
re
 (
μ
K
)
8
10
8
2
4
6
8
10
9
2
4
6
N
u
m
b
e
r
Temperature
Number
Collision rate
Peak density
120
80
40
0M
a
g
n
e
ti
c
 g
ra
d
ie
n
t,
 B
’ q
 (
G
/c
m
)
(b)
(c)
(a)
Decompression
FIG. 2. Evaporation cooling in the magnetic quadrupole trap.
(a) Magnetic field gradient, B′q, during the evaporation pro-
cess. Time evolution of (b) atom number, temperature, (c)
peak density, and collision rate. (b) The dash-dotted line
represents the estimated temperature solely from the adia-
batic decompression without evaporation cooling. The atom
number and temperature are determined from absorption im-
ages after te ≥ 13 ms of the time of flight. (c) We open the
trap (gray zone) after 2 s of evaporation to keep the central
peak density below 3 × 1013cm−3. The data points consist
of eight independent measurements and the error bars are
smaller than the points size.
ate 58 G/cm in 100 µs by discharging a capacitor, and
gradually increase to 109 G/cm in 0.2 s.
Here, the frequency ramp is not implemented for ad-
ditional cooling of the gray molasses to have a higher
initial density in the magnetic trap. Without the fre-
quency ramp, the optical pumping increases the temper-
ature of atoms in the gray molasses to 70 µK, and after
the magnetic trap transfer, we have N ≃ 5.1 × 109 and
T = 270 µK. When using the frequency ramp, on the
other hand, the atoms are heated up to 40 µK by the
dark state pumping, and then it rises to 240 µK in the
quadrupole trap with 3.6×109 atoms. Still, the gray mo-
lasses provides a very favorable condition for evaporation
cooling. Without the gray molasses, the initial temper-
ature in the quadrupole trap is ∼ 2 mK, and we cannot
achieve the runaway evaporation cooling because of the
scattering length drops at a few mK [11].
Forced evaporation cooling is performed by applying
a microwave frequency on the |2, 2〉 → |1, 1〉 hyperfine
spin state transition. We linearly sweep the microwave
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FIG. 3. Majorana heating and atom loss in the mag-
netic quadrupole trap. (a) Evolution of temperature by the
atoms loss with (closed symbol) and without (open symbol)
the optical plug potential under various initial temperature,
T (0) = 230 µK (red circle), T (0) = 150 µK (yellow square),
T (0) = 120 µK (green triangle), and T (0) = 84 µK (blue di-
amond). The solid (dashed) lines represent the power-law fit
curve with (without) the plug beam. (b) The average loss en-
ergy per atom loss vs initial temperature with (closed circle)
and without (open circle) the plug beam. We take 3–5 mea-
surements for each data point, and the error bars represent
one standard deviation of the mean and the fit uncertainty.
frequency from 840 to 820 MHz in 2 s and to 811 MHz
in another 1.4 s. To prevent strong atom losses due to
dipolar relaxation and the three-body molecular recom-
bination [32], the field gradient is reduced to 76 G/cm in
the last 1.4 s of evaporation [Fig. 2(a)]. The time evo-
lution of the atom number N and temperature T dur-
ing the evaporation is displayed in Fig. 2(b), from which
we estimate a peak density n = N/[32pi(kBT/µBB
′
q)
3]
and elastic collision rate γ = nσv¯, respectively. Here,
σ = 8pia20 is the elastic scattering cross section and
v¯ = (16kBT/pim)
1/2 is the mean relative velocity. The
collision time, τ = 1/γ, decreases during the frequency
sweep, demonstrating runaway evaporation cooling in the
quadrupole trap [Fig. 2(c)]. We observe the collision rate
is 103 higher than the loss rate of the trapped atoms, en-
suring thermal equilibrium during the evaporation pro-
cess.
B. Effects of optical plug beam
The thermodynamics of atoms trapped in the
quadrupole trap by the Majorana loss has been well char-
acterized by the rate equations for atom number N and
temperature T [33–35],
T˙
T
= −
(εm
ε
− 1
)
Γm, (2)
N˙
N
= −Γm − Γb. (3)
Here, εm is the mean energy per atom loss by the nona-
diabatic spin flip, ε = 4.5 kBT is the average energy of
the atoms in the linear trap, and Γb is the background
loss rate. The Γm is the Majorana loss rate [33],
Γm = χ
~
m
(
µBB
′
q
kBT
)2
, (4)
where χ is a dimensionless geometrical factor, measured
to be about 0.16 [34, 35]. In the research [34], the optical
plug beam enhances the lifetime of the trapped atoms by
reducing density at the trap center. The average energy
per lost atoms εm, however, is not affected by the opti-
cal plug beam, implying that the atom loss still mostly
occurs near the trap center.
In this section, we investigate the mean loss energy εm
in the quadrupole trap and observe the clear effect of
the optical plug beam. The background loss rate in the
quadrupole trap is measured to be Γb = 0.0093(8) s
−1
and can be neglected in the rate equations. Then, the
dynamical evolution of the temperature can be expressed
as a function of atom number,
T (t)/T (0) = [N(t)/N(0)](εm/ε−1), (5)
and we measure the εm from the power-law exponent in
the hold-time dynamics of N and T . Figure 3(a) shows
temperature dynamics at various initial conditions with
and without the plug beam. The initial temperature
T (0) and atom number N(0) are set by the microwave
frequency, which is turned off during the hold time to
exclude the evaporation effect. The atom loss leads to
heating of the system, which becomes more evident at
low temperature and without the optical plug beam.
These observations are reflected in the temperature de-
pendence of the average loss energy as shown in Fig. 3(b).
Without the plug potential, the εm decreases as the tem-
perature is reduced and saturates to 2.8(1) kBT . This
can be explained by the Majorana heating process, which
becomes the dominant heating source for a cold-atomic
sample (∝ T−2) and is expected to show 2.5 kBT of mean
loss energy [35]. The increases of the εm at higher tem-
perature can be attributed to a residual heating mecha-
nism such as current noise in the magnetic trap and in-
elastic collisional events, rather than the Majorana loss.
We speculate that an imperfection of polarization in the
pumping beam induces the inelastic collisional loss at the
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FIG. 4. Evaporation cooling for Bose-Einstein condensation
in the crossed dipole trap. (a) Atom number, temperature,
(b) peak density, and collision rate as a function of evapo-
ration time. Data points represent mean values of five indi-
vidual realizations, and the error bars denote the standard
deviation of the mean. (c) Absorption images of BEC with
a vortex. The condensates are obtained after rapid thermal
quench (details described in the main text), and the vortex
is represented as a density-depleted region in the condensates
after 18 ms of expansion time.
beginning of the microwave evaporation. At sufficiently
low temperature (kBT ≪ Up), the spin-flip atom loss in
the optically plugged quadrupole trap can cool the gases
since the atoms have to climb up the plug hill (εm > ε).
However, we observe that it stays around 3.9(1) kBT
without noticeable temperature dependence [Fig. 3(b)].
C. Crossed optical dipole trap
As a final step to produce BECs, we load the cold
atoms into a crossed optical dipole trap. The optical trap
consists of two laser beams with 1064 and 1070 nm wave-
length, propagating in the horizontal plane at a folding
angle θ ≃ 90◦. The laser beams are crossed at 300 µm
away from the quadrupole trap center so that the optical
trap has a negligible influence on the optical suppression
of the Majorana atom loss. At the crossing point, we
have a beam radius of 156 µm for 1064 nm light and
205 µm for 1070 nm laser, respectively.
After the microwave evaporation in the magnetic trap,
the dipole potential is gradually turned on, producing
U0 = 42 µK of potential depth in 300 ms, and the field
gradient is ramped down to zero in 600 ms. To maximize
loading efficiency, we evaporate the atoms by applying a
linear microwave frequency sweep from 811 to 804 MHz
in 600 ms. About 5 × 107 number of atoms at 9 µK
are transferred in the crossed trap. Then, the atoms are
prepared in the |1, 1〉 state by a Landau-Zener sweep.
By turning on a uniform bias field of 700 G along the
z direction, the scattering length is set to about 100 aB.
After the Feshbach field ramp, the magnetic field gradient
B′q is turned on to 12 G/cm. This produces a linear
potential in the z axis that lowers the potential depth and
cools the atoms without losing the trap confinement [25].
By linearly increasing the field gradient to 30 G/cm
in 300 ms, we achieve a rapid evaporation in the opti-
cal potential [Fig. 4(a)]. The trap beam intensity is si-
multaneously lowered to maintain the peak density, n ≃
3×1013 cm−3. The truncation parameter η = U0/kBT is
increased from 5.5 to 7.5. After 180 ms of evaporation, a
Bose-Einstein condensation is observed from the bimodal
density distribution in a time-of-flight image [Fig. 5(a)
inset]. The BEC transition temperature is Tc = 2.4 µK
(calculated Tc = 2.9 µK) with the critical atom number
Nc = 10
7. After an additional 120 ms of evaporation,
a pure condensate of 2.7 × 106 atoms is obtained. The
trapping frequencies at the end of the evaporation are
(ωx, ωy, ωz) = 2pi×(165, 280, 324) Hz.
Figure 5 shows the evaporation trajectory both in the
magnetic and the optical dipole trap. The peak phase-
space density D = nλ3dB (λdB = h/
√
2pimkBT is the
thermal de Broglie length) is increased five orders of mag-
nitude by the evaporation cooling. The efficiency of evap-
oration, Γ = −d(lnD)/d(lnN), in each potential is 2.2
and 1.5, respectively. Since we are able to capture only
106 number of atoms in the dipole trap at 100 µK right
after the molasses and the dark state pumping, the evap-
oration cooling in the quadrupole trap, which increases
the peak phase-space density to a factor of 104, is essen-
tial in obtaining large condensates.
Cooling atoms with a trap tilt can be a new tech-
nique for studying non-equilibrium phenomena in the
BEC phase transition of atomic gases [36–38]. We search
for the possibility of thermal quenching by increasing the
field gradient to 60 G/cm in 65 ms. Here, optical decom-
pression is not applied so that we can ignore the slosh-
ing motions generated by a sudden change in trapping
frequency during the rapid intensity ramp of evapora-
tion. With the scheme, we can still make a pure con-
densate with 106 atoms, but with a vortex, as shown in
Fig. 4(c). The vortices appear more frequently as we in-
crease the evaporation speed, suggesting the defects are
nucleated by the Kibble-Zurek mechanism [26, 27]. A
detailed study of the vortex nucleation process and the
vortex number scaling with quench time are worthy of
future investigation.
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FIG. 5. Experimental path from the (i) to (iii) stage that produces large 7Li BECs. (i) Microwave evaporation in an optically
plugged magnetic trap, (ii) transfer into a crossed dipole trap, and (iii) evaporation by trap tilting in the crossed optical trap.
(a) Temperature T vs atom number N . Inset: absorption image after 8 ms of expansion, indicating the onset of the BEC. (b)
Peak phase-space density D as a function of the atom number N .
IV. CONCLUSION
We have described an experiment that rapidly pro-
duces large 7Li condensates in an optical dipole trap.
Our method relies on the combination of gray molasses
cooling on the D1 transition line and two-stage evapo-
ration cooling in a conservative trapping potential. The
sub-Doppler cooling lowers the temperature of the atoms
in the compressed MOT to 25 µK, which might allow the
all-optical production of 7Li BECs after directly loading
the atoms into a deep optical potential [21, 39]. Runaway
evaporation cooling is achieved in an optically plugged
magnetic quadrupole trap, where the Majorana atom
loss is highly suppressed by the plug beam. After subse-
quent evaporation in a crossed optical trap, we obtain a
pure condensate of ∼ 3 × 106 atoms. We adopt a trap-
tilting scheme for a rapid evaporation in the optical trap,
which can be useful for studying the Kibble-Zurek mech-
anism [36–38] and universal dynamics in a far out-of-
equilibrium state [40, 41] in an optical potential.
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